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We have investigated the electronic structure of the equiatomic EuAuMg, GdAuMg, YbAuMg
and GdAgMg intermetallics using x-ray photoelectron spectroscopy. The spectra revealed that the
Yb and Eu are divalent while the Gd is trivalent. The spectral weight in the vicinity of the Fermi
level is dominated by the mix of Mg s, Au/Ag sp and RE spd bands, and not by the RE 4f . We
also found that the Au and Ag d bands are extraordinarily narrow, as if the noble metal atoms were
impurities submerged in a low density sp metal host. The experimental results were compared with
band structure calculations, and we found good agreement provided that the spin-orbit interaction
in the Au an Ag d bands is included and correlation effects in an open 4f shell are accounted for
using the local density approximation + Hubbard U scheme. Nevertheless, limitations of such a
mean-field scheme to explain excitation spectra are also evident.
PACS numbers: 71.20.Eh, 79.60.-i
Many equiatomic rare-earth (RE) transition-metal
(T ) magnesium intermetallics have been synthesized
in the last decade.1,2,3,4,5,6,7,8,9,10,11,12 RETMg mate-
rials with Yb and Eu as rare-earth elements crystal-
lize in the orthorhombic TiNiSi structure,13 while those
with the other rare-earths adopt the hexagonal ZrNiAl
structure.14,15,16 A wealth of interesting magnetic prop-
erties has been observed. CePdMg, CePtMg, and
CeAuMg show long-range magnetic ordering below 2-3
K.9 EuAgMg and EuAuMg order ferromagnetically with
Curie temperatures of 22 and 37 K, respectively.6 Also
the Gd materials GdPdMg, GdPtMg, and GdAgMg are
ferromagnetic, with relatively high Curie temperatures of
96, 98, and 39 K, respectively.10 GdAuMg, on the other
hand, orders antiferromagnetically, with a Ne´el temper-
ature of 81 K.12
Not much is presently known about the electronic
structure of these materials. Basic spectroscopic determi-
nation of the 4f valence of the rare earths is lacking, and
it is also unclear how band structure effects will play out
for the T d bands in view of the rather peculiar crystal
structure. We have therefore set out to perform valence
band and core level photoelectron spectroscopy measure-
ments. Here we chose for EuAuMg, GdAuMg, YbAuMg
and GdAgMg as model materials, since with the d shell
of the Au and Ag constituents being closed, we can avoid
complications which otherwise could occur as a result of
the intricate interplay between band formation and cor-
relation effects usually present in an open T d shell sys-
tem. We also have calculated the band structure of these
materials using the local density approximation (LDA)
and local density approximation + Hubbard U (LDA+U)
scheme,17 where the U is used to account for correlation
effects in an open atomic-like 4f shell. As it turns out
later, it was necessary to include as well the spin-orbit
coupling for the Au and Ag d shells.
The starting rare earth, noble metal and magnesium
materials were mixed in the ideal 1:1:1 atomic ratios and
sealed in niobium or tantalum tubes under an argon pres-
sure of≃ 800 mbar. These tubes were first rapidly heated
to ≃ 1370 K and subsequently annealed at ≃ 870 K for
two hours. The samples were separated from the tubes
by mechanical fragmentation. No reaction with the metal
tubes was observed. The polycrystalline samples with di-
mensions of about 2×1×1mm3 are light grey with metal-
lic luster. All samples were pure phases on the level of
X-ray powder diffraction, and their transport and ther-
modynamic properties have been analyzed recently.18
The photoemission spectra were recorded at room tem-
perature in a spectrometer equipped with a Scienta SES-
100 electron energy analyzer and a Vacuum Generators
twin crystal monochromatized Al-Kα (hν = 1486.6 eV)
source. The overall energy resolution was set to 0.4 eV,
as determined using the Fermi cut-off of a Ag reference,
which was also taken as the zero of the binding energy
scale. The base pressure in the spectrometer was 1x10−10
mbar, and the pressure raised to 2x10−10 mbar during the
measurements due to the operation of the x-ray source.
The samples were cleaved in-situ to obtain clean surfaces.
The left panels of Fig. 1 show the valence band pho-
toemission spectra of (from top to bottom) YbAuMg,
EuAuMg, GdAuMg and GdAgMg. A weak but clear
cut-off at the Fermi level (0 eV binding energy) can be
observed, consistent with these materials being metals.18
The three Au samples have in common that their va-
lence bands contain a two-peak structure at 5.0 and 6.4
eV binding energy. We therefore can assign these two
peaks to the Au 5d. Consequently, the other peaks
in the spectra can be attributed to the rare-earth 4f .
YbAuMg shows a very sharp two-peak structure at 0.5
and 1.9 eV binding energy. The line shape as well as
the energy separation of these two peaks is characteris-
tic for the Yb 4f7/2, 4f5/2 spin-orbit split 4f
13 photo-
emission final states,20,21,22 indicating that the Yb in the
ground state is 4f14, i.e. divalent, in agreement with the
magnetic susceptibility.23 The EuAuMg has a somewhat
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FIG. 1: (color online) Experimental valence band photoemission spectra (left panels) and calculated valence band density of
states (right panels) of polycrystalline YbAuMg, EuAuMg, GdAuMg, and GdAgMg (from top to bottom).
broader peak at 1.5 eV binding energy, very typical for
the multiplet structured 4f6 final states of divalent Eu
compounds and intermetallics having the high-spin 4f7
ground state.20,21 This assignment is supported also by
the fact that the integrated 4f intensity of the Eu sam-
ple is close to half of the Yb 4f , i.e. proportional to the
number of f electrons. The peak at 8.4 eV binding en-
ergy in the GdAuMg sample is very similar in line shape
and intensity to the 1.5 eV feature of the Eu sample,
indicating that this peak corresponds also to a 4f6 final
state, and thus to a ground state having the high-spin 4f7
configuration.20,21 In other words, the Gd is trivalent.
In comparing the two Gd samples, i.e. GdAuMg and
GdAgMg, one can clearly see that the line shape differs
mainly in the spectral range between 5 and 7 eV binding
energy. We then can ascribe the ’flattened’ peak at 6 eV
in the GdAgMg to the Ag 4d band. Remarkable is that
the line shapes of both the Au 5d and the Ag 4d bands
in these materials are vastly different from those Au 5d
and Ag 4d bands of the elements, as shown in Fig. 2.
The noble metal d bands in these rare-earth magnesium
intermetallics are so narrow that one can clearly observe
the splitting due to the spin-orbit interaction. The bands
are much less than 1 eV wide, i.e. about a factor of five
smaller than in the corresponding elements.
To facilitate the interpretation of the experimental re-
sults, we have carried out band structure calculations
using the LDA and LDA+U methods,17 where the U
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FIG. 2: Experimental valence band photoemission spectra of
elemental Au (top panel) and Ag (bottom panel).
refers to the on-site Coulomb energy in an open 4f shell.
We have also included the spin-orbit coupling for the Au
and Ag d shells. Our calculations were performed by us-
ing the full-potential augmented plane waves plus local
orbital method.19 We took the crystal structure as de-
termined by x-ray diffraction measurements.4,10,12 The
muffin-tin sphere radii are chosen to be 3.2, 2.5, 2.6,
and 2.7 Bohr for rare-earth, gold, silver, and magnesium
atoms, respectively. The cut-off energy of 16 Ryd is used
for plane wave expansion of interstitial wave functions,
and 400 k points for integrations over the Brillouin zone,
both of which ensure sufficient numerical accuracy. The
spin-orbit coupling is included by the second-variational
method with scalar relativistic wave functions.19 We cal-
culated the EuAuMg and GdAgMg in the ferromagnetic,
the GdAuMg in the antiferromagnetic and the YbAuMg
in the paramagnetic state. The easy magnetization di-
rection is set along the c axis.
The right panels of Fig. 1 depict the results of the
LDA and LDA+U calculations. One can clearly see that
the density of states reproduces all the spectral features
quite well, including the very narrow and spin-orbit split
bands of the Au 5d and the Ag 4d. Apparently, the crys-
tal structure is such that the distance between the noble
metal atoms is sufficiently large as to make the overlap
between the d orbitals negligible. The line shape of these
narrow bands is in fact reminiscent of that of noble metal
impurities submerged in a low density sp metal host.24
The calculations indeed indicate the presence of such an
extremely broad sp like band. This band, which extends
from 7 eV binding energy all the way to above the Fermi
level, is labelled as ’rest’ in Fig. 1, and consists of Mg
s, Au/Ag sp and RE spd bands. They in fact build up
the relevant states in the vicinity of the Fermi level. The
contribution of the RE 4f bands to these is negligible,
with the exception perhaps for the Yb system.
To address the issue concerning the 4f shell, we used
the LDA method for the Yb system in which we also in-
clude the spin-orbit interaction in the 4f . The calculation
finds correctly the closed shell 4f14 configuration for the
Yb, and the peak positions are in good agreement with
the experiment. For the Eu and Gd system, however, we
have to resort to the LDA+U method, in which U in the
4f shell is set to 6 eV for the Eu and 7 eV for the Gd.
This is necessary to account for correlation effects in the
open atomic-like 4f shell: both Eu and Gd have the 4f7
configuration as found from experiment and calculation.
If U were set to zero, the Eu and Gd 4f states would
move sizeably to the Fermi level, and the experimental
peak positions would not have been reproduced.
Despite the apparent successes of these band struc-
ture calculations, we also can observe small deviations
between theory and experiment. A closer look at the cal-
culated positions of the closed shell Au and Ag d bands
as well as of the closed shell Yb 4f orbitals, reveals that
they are too close to the Fermi level by several tenths of
an eV. We attribute such deviations as being caused by
the inherent limitations of these mean-field methods to
calculate the dynamical response of a system.
The left panels of Fig. 3 show the Au 4f and Ag
3d core levels of the YbAuMg, EuAuMg, GdAuMg and
GdAgMg samples (colored solid lines). As reference we
have also measured the corresponding core levels in ele-
mental Au and Ag (dashed lines). One can clearly ob-
serve that the Au and Ag core levels in the intermetallics
have substantially higher binding energies than those in
the elements, i.e. ≈0.7 eV for the Au 4f and ≈0.5 eV
for the Ag 3d. This can be taken as an indication that
the charge density at the Au and Ag sites in the inter-
metallics is appreciably lower than in the elements. LDA
band structure calculations confirm this picture. We have
calculated that the energies of the Au and Ag core lev-
els of the intermetallics are indeed lower (i.e. at higher
binding energy) than in the elements, and this is shown
in the right panels of Fig. 3 where we have simulated
the spectra based on these calculated energy positions.
These findings are consistent with the crystal structure
and the very narrow band width of the d bands: the Au
and Ag atoms in the intermetallics could be considered
as impurities submerged in a low density sp metal host.
To conclude, we have investigated the electronic struc-
ture of the equiatomic EuAuMg, GdAuMg, YbAuMg
and GdAgMg intermetallics by x-ray photoelectron spec-
troscopy and LDA/LDA+U band structure calculations.
We found a closed shell 4f configuration for the Yb (’di-
valent’) and a 4f7 for the Eu (’divalent’) and Gd (’triva-
lent’). The states in the vicinity of the Fermi level are
given by a broad sp like band consisting of Mg s, Au/Ag
sp and RE spd states. The contribution of the RE 4f
is negligible, except perhaps for the Yb system. We also
found that the Au and Ag d bands are extraordinarily
narrow, as if the noble metal atoms were impurities sub-
merged in a low density sp metal host. This calls for a
follow-up study of the electronic structure of equiatomic
intermetallics in which the noble-metal atoms are re-
placed by transition-metal atoms with an open d shell,
since in view of the extremely narrow band width even
modest electron correlation effects could already play an
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FIG. 3: (color online) Left panels: experimental Au 4f and Ag 3d core level photoemission spectra of YbAuMg, EuAuMg,
GdAuMg, GdAgMg, and elemental Au and Ag. Right panels: corresponding simulated spectra based on the calculated Au 4f
and Ag 3d energy positions.
important role for the properties.
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